We have isolated several Zea mays cDNAs encoding the 40S subunit ribosomal protein S14. In maize, this ribosomal protein is encoded by a small multigene family, at least three members of which are expressed. S14 transcript levels are highest in mitotically active tissues, such as seedling shoot, developing endosperm, and tassel primordia, and lowest in tissues with little cell division, such as mature leaf and root. Very little S14 RNA is present in pollen, suggesting that translation of pollen mRNAs during pollen germination uses preformed ribosomes. During kernel development, the highest levels of S14 transcripts in endosperm tissue are found at 10-12 days postpollination; S14 RNA levels decline continuously from this point onward. The period of maximal expression of the S14 ribosomal protein gene appears to precede the onset of storage protein synthesis and does not correlate with the reported times of increased nucleolar volume or genome amplification.
Protein synthesis plays a central role in cellular metabolism, and it is well established that the synthesis of the protein and RNA components of ribosomes is tightly coupled to the rate of cell proliferation in a wide variety of organisms. The regulation of eukaryotic ribosomal protein synthesis occurs at many different levels of gene expression, including transcription, mRNA processing, translation, and protein turnover, although all of these mechanisms do not apply in every organism or cell type (for review, see Fried and Warner 1984; Meyuhas 1984) . Virtually without exception, the 70-80 cytosolic ribosomal proteins are coordinately regulated. During the development of multicellular organisms, protein synthesis requirements vary greatly (Davidson 1976) , and developmental modulation of ribosomal protein gene expression has been observed in a number of instances (Hallberg and Smith 1975; La Marca and Wassarman 1979; Santon and Pelligrini 1980; Ramagopal and Ennis 1982) . For example, Xenopus embryos depend on maternal ribosomes synthesized during oogenesis until well after gastrulation (Pierandrei-Amaldi et al. 1982; Baum and Wormington 1985) . Mammalian oocytes store fewer ribosomes during oogenesis, and the synthesis of ribosomal proteins in the embryo begins almost immediately after fertilization, as early as the eight-cell stage in mouse (La Marca and Wassarman 1979; Piko and Clegg 1982) . Thus, different organisms regulate the synthesis of ribosomal proteins in accord with the protein synthesis requirements of their developmental strategies, which may differ greatly. In contrast to the wealth of information that has accumulated about yeast and animal ribosomal protein genes in the past several years, little is known about the organization or expression of plant ribosomal protein genes. In the only detailed molecular analysis of plant ribosomal protein gene expression to date, Gantt and Key {1983, 1985) have demonstrated an eightfold coordinate induction of soybean ribosomal protein mRNAs after treatment of hypocotyl sections with the synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D). The isolation of a rice ribosomal protein genomic clone has also been reported (Bhargava and Padayatty 1985) .
As an initial approach to understanding the role of ribosome synthesis in plant growth and development, we have isolated several Zea mays cDNA clones that encode the 40S subunit ribosomal protein $14 (Larkin and Woolford 1983; Chen et al. 1986 ). The sequence of this ribosomal protein is highly conserved among yeast, mammals, and maize (Chen et al. 1986; Larkin et al. 1987 ; this study). The maize S14 ribosomal protein is encoded by a small multigene family with a minimum of three to six members, at least three of which are expressed. S14 transcript levels differ greatly among different maize tissues and organs, demonstrating that transcript levels of this ribosomal protein gene are modulated developmentally in maize.
Results

Isolation of Z. mays cDNA clones homologous to the yeast S14 gene
The 40S subunit ribosomal protein S 14, encoded in yeast by the CRY1 gene, has been highly conserved throughout eukaryotic evolution (Chen et al. 1986; Larkin et al. 1987) . Therefore, this yeast gene seemed likely to be an effective hybridization probe for the isolation of a maize ribosomal protein eDNA. Initially, a eDNA library constructed from a black Mexican sweet corn (BMS) tissue-culture line (Sheridan 1975 (Sheridan , 1982 Green 1977 ) was screened with a yeast CRY1 probe (see Materials and methods), and three positive clones were identified, which were designated MCH1, MCH2, and MCH3 (for maize CRY1 homolog). Restriction endonuclease mapping suggested that the clones fell into two classes, with MCH1 representing one class and MCH2 and MCH3 representing the other (Fig. 1) . The nucleotide sequence of one member of each class (MCH1 and MCH2) was determined ( Fig. 2A) . Each eDNA contains an open reading frame that could code for a protein with an amino acid sequence extremely similar to the sequences of the yeast and mammalian S14 ribosomal proteins (Fig. 2B, see below) . Sixty-seven nucleotide differences occur between the putative coding regions of the two maize eDNAs, only four of which result in amino acid substitutions. MCH1 also contains a three-nucleotide deletion relative to MCH2, which removes the glycine codon at position 3 in the predicted amino acid sequence of the MCH1 protein. The 3'-noncoding regions are completely divergent ( Fig. 2A) . The MCH1 and MCH2 cDNAs clearly represent the mRNA products of different genes.
When the amino acid alignment shown in Figure 2B is used and excluding gaps are introduced to maintain sequence alignment, 77% of the amino acids (105 of 137) are identical between MCH1 and the yeast S14 ribosomal protein (Larkin et al. 1987) , and 88% (129 of 147) of the amino acids are identical between MGH1 and the CHO cell S14 ribosomal protein (Rhoads and Roufa 1985) . The predicted MCH2 gene product is slightly less conserved relative to the CHO cell and yeast proteins (76 and 87% amino acid identity, respectively). Many of the amino acid differences between these sequences represent conservative substitutions. Two gaps must be inserted into the MCH1 sequence and 1 gap must be inserted into the mammalian sequence to maintain the alignment shown in Figure 2B , whereas 12 gaps must be inserted into the yeast sequence to maintain alignment with MCH1. As noted above, one gap must be introduced into the MCH2 sequence to maintain alignment with MCH1. All of these gaps occur near the amino termini of the protein sequences. Indeed, the similarity between any pair of these amino acid sequences is substantially greater if the comparisons are restricted to the portion of the proteins from the valine residue at position 25 in MCH1 to the carboxyl termini, suggesting that the amino-terminal portion of this protein is under less selective pressure than the rest of the protein. The high degree of sequence similarity between the predicted amino acid sequences of the MCH1 and MCH2 gene products and the yeast and CHO cell S 14 ribosomal proteins indicates that MCH1 and MCH2 are derived from two different genes encoding the maize homolog(s) of the $14 ribosomal protein. For this reason, we will refer to the gene family represented by these cDNAs as the maize S14 gene family. Because individual members of the gene family are probably represented by multiple eDNA clones in our collection (see below) and only two of the cDNAs have been sequenced, we will continue to refer to individual clones by their MCH designation. There are no stop codons located in either eDNA sequence upstream of the methionine codons that we have assumed are the initiation codons of MCH1 and MCH2. Thus, we cannot rule out the possibility that the proteins encoded by these cDNAs are initiated upstream from the 5' ends of the eDNA clones. However, we believe that this is unlikely because these eDNA clones hybridize to an 800-nucleotide transcript on RNA blots (data not shown). The sequence of the MCH1 eDNA is 688 nucleotides in length, excluding the poly(A) tail. This clone must be close to full length if we assume that the poly(A) tail is -100 nucleotides long. We also note that the proteins predicted on the assumption that we have identified the initiator methionine are very similar in length to the mammalian S14 ribosomal proteins.
The maize S14 ribosomal protein is encoded by a small multigene family with at least three expressed members
When the MGH1 and MCH2 cDNAs were used to probe Southern blots of maize genomic DNA, it was apparent that the maize S14 ribosomal protein is encoded by a small multigene family (Fig. 3) . Under our hybridization conditions, MCH1 hybridizes to between five and eight restriction fragments in each digest shown (Fig. 3) . The MCH2 eDNA hybridizes to fewer sequences; three or four restriction fragments hybridize strongly in each lane (Fig. 3) . On long exposures (not shown), it is apparent that most of the restriction fragments detected by MCH1 are also detected by MCH2, and vice versa. From these data, in conjunction with the eDNA cross-hybridization experiments presented below, we estimate that the S14 ribosomal protein is encoded by a minimum of three to six different genes and/or pseudogenes. . Genomic Southern blots of genomic DNA from the maize inbred A188 digested with various restriction enzymes and probed with the maize S14 ribosomal protein cDNAs MCH1 and MCH2. Twenty micrograms of A188 genomic DNA was digested with either EcoRI and BglII (double digestl, BamHI, or SstI and subjected to electrophoresis on a 0.8% agarose gel. An EcoRI-BglII double digest was used because either of these enzymes alone produced a small number of poorly resolved bands larger than 10 kb. The MCH1 probe used was the 5' EcoRI-HaeIII fragment containing the S 14-coding region. The MCH2 probe used was the 5' EcoRI-ClaI fragment containing the S14-coding region.
Because many mammalian ribosomal protein gene families contain large numbers (7-20) of pseudogenes and only a single expressed copy (Dudov and Perry 1984; Wiedemann and Perry 1984; Wagner and Perry 1985) , we were interested in estimating how many S 14 gene copies were expressed in maize. Nine additional cDNA clones were isolated from a eDNA library constructed from 8-day postpollination endosperm RNA of the A188 inbred line (j. Hunsperger, D. Culley, I. Rubentein, and M. Brenner, unpubl.). These nine cDNA clones will be referred to as MCH4-MCH12. Preliminary sequencing results for MCH10-MCH12 confirm that these cDNAs represent S 14 gene family transcripts.
Because cDNA synthesis in both of the cDNA libraries used in this work was primed from oligodeoxythymidine-tailed plasmid vectors, all cDNA clones from either library should contain the 3' end sequences of the corresponding mRNA. Thus, 3'-noncoding region probes from MCH1 and MCH2 can be used to discriminate among the cDNA clones we have isolated. DNA dot blots of these nine cDNAs and the three cDNAs isolated previously were probed under high stringency conditions with an MCHl-coding region probe {the 5' EcoRIHaelIi fragment, see Fig. 1 I, a 3'-noncoding region probe from MCH1 (the 3' HaelII-EcoRI fragment, see Fig. 1 ), an MCH2-coding region probe (the 5' EcoRI-ClaI fragment, see Fig. 1 ), and a 3'-noncoding region probe from MCH2 (the 3' ClaI-EcoRI fragment, see Fig. 1 ). The 12 maize S14 cDNAs fall into three classes based on their hybridization patterns with these probes (Fig. 4) . The first class (MCH1, MCH4, MCHS, MCH6, and MCH11) consists of cDNAs that hybridize strongly to both the MCHl-coding probe and the MCH1 3'-noncoding probe, hybridize weakly with the MCH2-coding probe, and do not hybridize with the MCH2 3'-noncoding probe. All five of these cDNAs hybridize equally well with both the MCHl-noncoding and -coding probes, and all five contain two SstI sites and one HindIII site in locations apparently identical to the restriction map of MCH1 shown in Figure 1 . These clones are likely to be derived from the same gene as MCH1.
The second class (MCH2, MCH3, and MCH7) consists of cDNAs hybridizing strongly to the MCH2-coding and 3'-noncoding probes, weakly to the MCHl-coding region probe, and not at all to the MCH1 3'-noncoding probe. MCH3 and MCH7 have no HindIII site and a single SstI site, consistent with the MCH2 restriction map (Fig. Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from 1A). It is likely that MCH2, MCH3, and MCH7 are derived from transcripts of the same S14 gene.
The third class (MCH8, MCH9, MCH10, and MCH12) consists of clones that do not hybridize with either 3'-noncoding region probe and hybridize more strongly with the MCHl-coding region probe than with the MCH2-coding region probe. Unlike MCH1 or MCH2, these clones contain no internal SstI sites, although they all contain a single HindIII site. All four of these cDNAs are approximately the same length as MCH1, and preliminary sequencing of the 5' ends of MCH10 and MCH12 indicates that these two cDNAs both start 25 nucleotides upstream of the S14 ATG codon. Thus, it is unlikely that these four cDNAs fail to hybridize with the two 3'-noncoding region probes due to the use of an earlier polyadenylation site. MCH8, MCH9, MCH10, and MCH12 appear to represent the products of one or more additional expressed copies of the S14 gene family. From these data, we conclude that a minimum of three members of the maize S14 ribosomal protein gene family are expressed in maize endosperm.
Levels of SI4 mRNA in developing endosperm and other organs
We were interested particularly in analyzing the expression of this ribosomal protein gene family in developing endosperm. This tissue synthesizes large quantities of storage proteins and thus has a requirement for high levels of protein synthesis. The relative levels of S14 transcript were quantitated by hybridizing an MCH1 eDNA probe to RNA dot blots of total RNA isolated at different times during endosperm development. Correction for measurement and loading errors between RNA samples was achieved by normalizing each sample to the signal obtained by hybridization with an rDNA probe (see Materials and methods). The results of this analysis are presented in Figure 5 . A distinct peak of S14 gene expression was detected by the MCH1 probe in developing endosperm 10-12 days after pollination. A qualitatively identical peak in S14 transcript levels was observed upon probing RNA blots of poly(A) + RNA from developing endosperm with the MCH1 probe (data not shown), demonstrating that the observed pattern of transcript accumulation is not an artifact of normalizing to rRNA levels. For comparison, a eDNA clone for the 10-kD methionine-rich zein-associated protein gene (10 kD ZAP, Rubenstein and Geraghty 1986; Kirihara et al. 1988 ) was hybridized to the same endosperm RNA samples; this probe provides a marker for the onset of storage protein synthesis (Fig. 5) . The pattern of transcript accumulation exhibited by the 10-kD ZAP gene is quite different from the S14 pattern; the 10-kD ZAP transcript is present at low levels prior to 12 days after pollination and begins to rise rapidly after 16 days postpollination (note the change in scale for the 10-kD ZAP data).
We also have examined the expression of the $14 ribosomal protein gene in other organs and tissues. Data are presented in Figure 6 for etiolated seedling shoot and
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GENES & DEVELOPMENT Figure 5 . RNA dot-blot analysis of S14 transcript levels during endosperm development. Two micrograms of total RNA were analyzed per dot, and all samples were analyzed in duplicate. After hybridization, the dots were excised and counted in a scintillation counter. All samples were normalized to the rRNA probe signal to minimize loading errors. The probes used were the S14 cDNA clone MCH1, a 10-kD ZAP cDNA (Kirihara et al. 1988) , and an EcoRI fragment containing the entire rDNA repeat {McMullen et al. 1986). Note that the 10-kD ZAP data are presented on a different scale from the S14 data.
root; for stem, leaf, root, and tassel primordia from 4-week-old field-grown plants; and for pollen. The endosperm sample 12 days after pollination is included for reference; this value is directly comparable, as the endosperm and tissue samples were hybridized together in the same bag. As additional controls, the results of hybridizations with a maize fbtubulin probe and a glutamine synthetase eDNA are shown. S 14 transcript levels vary > 10-fold among the various organs and tissues examined. The highest levels of S14 expression were found in endosperm 12 days after pollination, whereas the lowest were found in pollen and mature leaf.
mRNA levels of two copies of the maize S14 gene are coordinately regulated
We have used 3'-noncoding region probes from the MCH1 and MCH2 clones to examine the expression of different members of this gene family. As discussed above, these probes hybridize to mutually exclusive subsets of the maize S14 gene family. The two 3'-noncoding probes have been hybridized to RNA blots, and the same filters have been stripped of probe and rehybridized with the fPtubulin probe and glutamine synthetase probe (Fig. 7} . The transcripts recognized by the two 3'-noncoding probes show identical patterns of expression, suggesting that the MCH1 and MCH2 homologous subclasses of S14 mRNA are coordinately regulated.
Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from Figure 6 . RNA dot-blot analysis of S14 transcript levels in various tissues and organs. RNA dot-blot analysis was carried out exactly as described for Fig. 5 . RNA samples were as follows: {Endosperm) endosperm 12 days after pollination; {shoot) 6-day-old seedling shoot; {root) 6-day-old seedling root; {stem) stem from 4-week-old plants; {mature root) root from 4-week-old plants; {tassel) tassel primordia from 4-week-old plants; (leaf) fully expanded leaves from 4-week-old plants; (pollen) mature poIten. Probes used were the entire insert of the S14 cDNA clone MCH1, a maize glutamine synthetase (GS) cDNA clone (Snustad et al. 1988) , and the entire insert of a maize B-tubulin cDNA clone (P. Hussey, pers. comm.). (ND)Not determined.
D i s c u s s i o n
The data presented here demonstrate that the maize homolog of the 40S subunit ribosomal protein $14 is encoded by a small multigene family containing a minimum of three to six members. Although we have not ruled out the possibility that some members of the gene family are pseudogenes, it is clear that at least three members of the maize S 14 gene family are expressed. No other eukaryotic organism has been found to express more than two members of a ribosomal protein gene family, although mammalian ribosomal protein gene families often contain many pseudogenes (Dudov and Perry 1984; Wiedemann and Perry 1984; Wagner and Perry 1985) .
Why does maize maintain such a large ribosomal protein multigene family? One explanation is that at some stage in the maize life cycle, more of the $14 ribosomal protein is required than can be provided by a single gene. Because we have determined relative rather than absolute transcript abundances, our data do not directly address this hypothesis. However, the data presented in Figure 5 indicate that the highest $14 transcript levels observed are much lower than those of the 10-kD ZAP, a relatively minor storage protein encoded by a single gene (Kirihara et al. 1988) . Another explanation for the maintenance of a multigene family is that different copies of the gene are regulated differently, allowing the plant to control the level of the $14 gene product independently in different cell types or developmental stages. Our data provide no support for this hypothesis, as transcript levels of the two members of the gene family whose expression we have examined appear to be regulated identically {Fig. 7}. However, we cannot rule out the possibility that some other member of the gene family exhibits a different pattem of expression. Possibly, the gene products of different members of the family could have different functions. Although there is no evidence for functionally different subclasses of ribosomes in most organisms, in Plasmodium, stage-specific rRNAs have been reported recently (Gunderson et al. 1987) . A1-though the existence of functionally distinct forms of the highly conserved S14 ribosomal protein seems unlikely, this hypothesis cannot be ruled out. An alternative explanation is provided by the recent data of Helentjaris et al. [1988) , demonstrating that large contiguous regions of the maize genome are duplicated; perhaps, some of the gene copies lie within the duplicated regions. At present, the large size of the S14 gene family in maize remains an intriguing enigma. It will be interesting to examine the genes encoding other maize ribosomal proteins to see whether the S 14 gene family is typical or exceptional. Figure 7 . Northern blots of RNA from various tissues and organs probed with 3'-noncoding region probes (see Fig. 1 ) from the two $14 cDNAs MCH1 and MCH2. One microgram of poly(A) + RNA was loaded per lane. RNA samples were as follows: (S) seedling shoot, 6 day; {R) seedling root, 6 day; (L) fully expanded leaf, 4-week; (Ts) tassel primordia, 4 week; {TCJ black Mexican tissue culture cells. Probes used were the entire insert of MCH1 {coding), the 3' HaeIII-EcoRI fragment of MCH1 {MCH1 3'), the 3' ClaI-EcoRI fragment of MCH2 (MCH2 3'), the entire insert from a maize glutamine synthetase cDNA (GS) (Snustad et al. 1988) , and the entire insert from a maize ~-tubulin cDNA (~-tub.)(P. Hussey, pets. comm.).
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Our results demonstrate clearly that transcript levels of the S14 gene family are modulated developmentally in maize (Figs. 6 and 7) . Among the different tissues and organs examined from various stages of the maize life cycle, S14 transcript levels varied by more than 10-fold. In general, S14 transcript levels were highest in tissues with high rates of cell division such as developing endosperm, 6-day-old seedling shoot, and tassel primordia. A similar coupling of cell proliferation and ribosomal protein gene expression has been observed in yeast (Kief and Wamer 19811 and in mammalian systems (Faliks and Meyuhas 1982; Geyer et al. 1982; Tushinski and Wamer 19821 . Two different $14 gene family members exhibit similar patterns of transcript accumulation, suggesting that they are coordinately regulated. The mechanism used to achieve this coordinate regulation is unknown; in other organisms, both transcriptional and post-transcriptional mechanisms have been identified that coordinate the expresion of ribosomal protein genes {Fried and Wamer 1984; Meyuhas 1984) . The data in Figure 7 suggest that S14 transcript levels are quite high in RNA isolated from tissue culture cells. This result is intriguing in light of the reports by Gantt and Key (1983, 1985) that treatment of soybean hypocotyls with the synthetic auxin 2,4-D substantially increases ribosomal protein mRNA levels, because the maize tissue-culture cells were propagated in media containing high levels of 2,4-D.
We also find that S 14 transcript levels are temporally regulated during endosperm development, varying nearly fivefold during the period from 8-25 days after pollination, with a distinct peak in transcript levels 10-12 days after pollination (Fig. 5) . Ribosomal protein gene expression during endosperm development was of particular interest for several reasons. First, this tissue accumulates large quantities of storage proteins and might be expected a priori to require a relatively high protein-synthesizing capacity (Soave and Salamini 1984) . In addition, several unusual events during endosperm development suggest that this tissue is highly specialized (Fig. 8) . Endosperm development commences with a phase of rapid cell division. The mitotic index reaches a maximum 8-10 days after pollination; by 22 days after pollination, virtually no cells in mitosis are observed (Duvik 1955; Phillips 1985, 1988) . Cell divisions cease first in the central region of the endosperm. However, DNA replication continues, and the cells in the central region become highly polytene (Phillips et al. 1983 Kowles and Phillips 1985) . Cytological observations reveal that the nucleoli of these central cells increase dramatically in volume at this time as well, reaching a peak at 16-18 days after pollination (Phillips et al. 1983 Kowles and Phillips 1985) . In other systems (Honjo and Roeder 1973) , including plants Guilfoyle et al. 1976) , increased nucleolar size is often correlated with increased rRNA synthesis, although it is not known whether this correlation holds in maize endosperm.
The observed pattem of S14 transcript accumulation shows no correlation with the accumulation of storage protein mRNAs, time of DNA amplification, or nucleolar size in the central cells of the endosperm. S14 expression is correlated with the mitotic index (cf. Figs. 5 and 8). In retrospect, this is not surprising, given the overall correlation of $14 gene expression with mitotic activity noted above. $14 transcript levels are higher in endosperm than in any other tissue or organ examined, raising the possibility that this tissue produces large numbers of ribosomes in preparation for the onset of zein synthesis several days later. At the present time, the role of the large nucleoli in the central cells of maize endosperm 16-20 days after pollination is unclear.
The experiments described above address the expression pattem of the maize $14 gene at the level of transcript accumulation only. It is possible that the S14 protein shows a different pattem of expression; well-documented cases of translational control of ribosomal protein expression have been reported in other organisms (Fried and Wamer 1984; Meyuhas 1984) . Additional experiments will be necessary to confirm the expression pattern of the S 14 protein.
Although we have examined the expression of only 1 of more than 70 proteins present in the 80S eukaryotic ribosome, it seems likely that other maize ribosomal protein genes will have similar patterns of transcript accumulation. In all organisms examined to date, ribosomal protein genes have been found to be coordinately regulated at the level of transcript accumulation (Fried and Warner 1984; Meyuhas 1984} Duvik (1955) . The DNA content per nucleus in the central cells of developing maize (A188) endosperm is redrawn from the data of Kowles and Phillips (19851. The data on relative nucleolar size in the central region ceils of developing endosperm (A188) are from R. Kowles (pers. comm.) ; these data are very similar to that reported by Phillips et al. (1983) .
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Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from sequence conservation of this protein throughout eukaryotic evolution strongly suggests that this protein is an important ribosomal component.
Materials and methods
Maize stocks and cultures
The BMS suspension cell culture line (Sheridan 1975 (Sheridan , 1982 Green 1977) was obtained from C. E. Green and has been maintained in MS media {Murashige and Skoog 1962) supplemented with 2,4-D (2 rag/liter), asparigine (200 rag/liter), and sucrose (2%). Seeds of the A188 inbred line were obtained from R.L. Phillips (University of Minnesota) and maintained by self or sibling pollinations. For the isolation of endosperm tissue used in these experiments, kernels were collected at the indicated times after pollination from plants grown in the field during the 1986 growing season. The endosperm was dissected free of embryo and nucellar tissue, and the tissue was immediately frozen in liquid nitrogen. Tassel primordia were isolated from 4-weekold A188 plants grown in the field in 1987. At this time, the tip of the eleventh leaf was just visible. The tassel primordia were 0.5-1.0 cm in length and were initiating spikelet-pair primordia at the time of isolation (Kiesselbach 1949; Cheng et al. 1983) . Leaf, root, and stem tissue was also harvested from these 4-week-old plants. Seedling shoot and root tissue was obtained from &day-old dark grown A188 plants.
Recombinant DNA methods and radioactive labeling of probes
All recombinant DNA manipulations were performed using standard methods (Maniatis et al. 1982) . Isolated restriction fragments and clones present in double-stranded DNA plasmid vectors were labeled by nick translation (Rigby et al. 1977) . Single-stranded probes were generated by primer extension labeling of single-strand templates (Hu and Messing 1982) derived from clones in the plasmid vectors pUCll8 or pUCll9 (Vieira and Messing 1987) by using a synthetic primer (M13 hybridization primer, Amersham).
Isolation and analysis of cDNA clones
Two maize cDNA libraries were used in this work. The library used to obtain the first cDNA clones, termed BMS-3, was constructed from BMS suspension culture cell RNA in the vector pUC13. The library used for the isolation of additional cDNA clones was constructed in the vector BlueScribe M13 + (Strategene) from endosperm RNA from the A188 inbred 8 days after pollination (D. Culley, j. Hunsperger, P. Das, M. Brenner, and I. Rubenstein, unpubl.) . Both libraries were constructed by priming cDNA synthesis with an oligo(dT)-tailed vector using a modification of the Okayama and Berg (1982) procedure.
To obtain the initial $14 cDNA clones, a 2.2-kb HindIII fragment containing the Saccharomyces cerevisiae CRY1 gene (Larkin and Woolford 1983 ) was used as a probe to screen the BMS cDNA library by the colony hybridization procedure of Gergen et al. (1979) under low stringency hybridization conditions (20% formamide, 6x SSPE, 1 x Denhardt's solution, 0.1% SDS, 0.1 mg/ml calf thymus DNA, 20 ~g/ml poly(A) at 35~ and washed four times for 15 min each with 2 x SSPE, 0.2% SDS at 45~ [1 x SSPE is 0.15 M NaC1, 0.01 M NaH2PO4, 8 mM NaOH, 1 mavi Na~EDTA (pH 7.0), 1 x Denhardt's solution is 0.02% each of bovine serum albumin, Ficoll, and polyvinyl pyrrolidone]. These hybridization conditions were modified from those of Howley et al. (1979) . Three clones were isolated Maize ribosomal protein genes from a total of 2500 colonies screened and are described in the text as MCH1, MCH2, and MCH3.
The cDNA clones MCH 4-MCH12 were isolated by colony hybridization screening of the A188 endosperm cDNA library 8 days after pollination, using a mixture of the MCH1 and MCH2 insert EcoRI fragments labeled by nick translation (Rigby et al. 1977 ) as a probe. The prehybridization and hybridization were performed in 50% formamide, 5 x SSPE and 1 x Denhardt's, 0.1% SDS, and 0.1 mg/ml calf thymus DNA at 37~ the filters were washed four times in 2 x SSPE, 0.2% SDS at 50~ Nine clones were isolated from a total of 16,000 colonies screened.
DNA sequence analysis
Restriction fragments to be sequenced were subcloned into either pUGll8 or pUGll9 (Vieira and Messing 1987) . Singlestrand templates were prepared as described by McMullen et al. (1986) and sequenced by the dideoxynucleotide chain termination method of Sanger et al. (1977) , using [a-3sSIdATP as the labeled nucleotide. As illustrated by the sequencing strategy shown in Figure 1 , all sequence was determined on both strands, with the exception of a small portion of each clone in the 3'-noncoding region.
Genomic Southern blot analysis
Maize genomic DNA was isolated from the shoots of 6-day-old A188 seedlings. Frozen tissue was powdered with a mortar and pestle on dry ice. The frozen powder was suspended in a buffer containing 0.1 M Tris-HC1 (pH 8.0), 20 mM EDTA, 0.6 M NaC1, and 0.5% SDS at 60~ 2-Mercaptoethanol was added to 10 raM. After shaking at 60~ for 10 rain, the solution was extracted with phenol-chloroform {1:1) and then with chloroform. To remove carbohydrates, the total sodium ion concentration of the aqueous phase was adjusted to 0.7 M with 3 M NaOAc and hydrated; washed cellulose CF-11 was added (0.3 g dry weight of cellulose per 10 ml of solution; Mozer 1980) . The solution was swirled on ice for 15 rain, and the cellulose was removed by centrifugation. RNA was removed by lithium chloride precipitation. DNA was precipitated with ethanol and spooled two times.
Genomic DNA was digested with restriction enzymes, and 20 txg/lane was subjected to electrophoresis through 0.8% agarose gels. The DNA was then transferred to a nylon filter (Genetran, Plasco Corp.) by the method of Southern (1975) , with the modification that the transfer buffer was 1 M NHaO acetate, 0.2 N NaOH, as described by Rigaud et al. (1987) . DNA blots were prehybridized and hybridized at 42~ in 50% formamide, 5 x SSPE, 1 x Denhardt's solution, 1% SDS, 0.1 mg/ml calf thymus DNA, and 300 ng/ml pUCll8 singlestranded DNA. Filters were prehybridized for 4 hr, and hybridized for 36-40 hr. The filters were washed twice with 2 x SSPE, 0.2% SDS for 15 rain at 65~ and twice with 0.1 x SSPE for 15 rain at 65~ and exposed to X-ray film (Kodak X-AR or Dupont Cronex) with an intensifying screen. For the experiment shown in Figure 3 , single-stranded plasmid probes generated from subclones in the vector pUCll8 {Vieira and Messing 1987) of coding-region fragments from MCH1 (5' EcoRI-HaeIII fragment) and MCH2 (5' EcoRI-ClaI fragment) were used as hybridization probes.
DNA dot blots of cDNA clones
One microgram of each cDNA clone in a plasmid vector (either pUC13 or Bluescribe M13 + ) was denatured in 0.3 N NaOH at 65~ for 10 min, neutralized by the addition of an equal volume Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from of 0.3 M Tris HC1 (pH 7.5), and diluted 20-fold with ice-cold 1 M ammonium acetate. One tenth of the sample (0.1 ml) was applied to a nitrocellulose filter that had been prewet in 10 x SSPE, using a Schleicher and Schuell Minifold dot-blotting apparatus. After baking in vacuo at 80~ for 2 hr, the filter was prehybridized, hybridized, and washed as described for genomic Southern blot hybridization, with the exception that pUC118 single-stranded DNA was omitted from the hybridization. The probes were double-stranded DNA restriction fragments (see Fig. 4 legend) labeled by nick translation.
RNA isolation and analysis
Total RNA was isolated from frozen plant tissues hand-ground in a mortar and pestle by phenol-chloroform extraction and CsC1 gradient centrifugation (Glisin et al. 1974) , as described previously for the preparation of Chlamydomonas reinhardtii RNA (Schloss et al. 1984) . Poly(A) + RNA was prepared by two cycles of oligo(dT)-cellulose chromatography, as described by Woolford et al. (1979) . RNA samples were subjected to electrophoresis on denaturing formaldhyde gels, as described previously (Larkin and Woolford 1983; Last et al. 1984) , and transferred to nylon filters (Nytran, Schleicher and Schuell). Prehybridization, hybridization, and washing conditions for RNA blots were identical to those used for DNA dot blots. The probes used for the experiment shown in Figure 7 were all primer extension-labeled single-stranded pUC118 or pUC119 templates containing the inserts indicated in the figure legend in the orientation appropriate for hybridization to the corresponding mRNA.
RNA dot-blot analysis was performed as described by Schloss et al. (1984) . Two micrograms of total RNA was analyzed per dot, and all samples were analyzed in duplicate. A standard dilution series of RNA was included in each hybridization to ensure that the samples fell within the linear range of the technique. As a control for measurement and loading errors among the RNA samples, a ribosomal DNA probe (see below) was hybridized with a 1000-fold dilution of each RNA sample. This dilution was necessary to bring the concentration of rRNA within the linear range of the assay. This dilution was done two independent times to minimize errors resulting from the dilution itself. All samples were normalized on the basis of the rDNA hybridization results. These corrected values are reported in Figures 5 and 6 . The probes used for the experiments shown in Figures 5 and 6 were all primer extension-labeled single-stranded pUCll8 or pUCll9 templates containing the inserts indicated in the figure legends in the orientation appropriate for hybridization to the corresponding mRNA, with the exception of the rDNA probe. This probe consisted of the plasmid pZmR1 (McMullen et al. 1986 ), containing the entire maize rDNA repeat, which had been labeled by nick translation.
